We have developed a cancer vaccine in which autologous tumor is fused with dendritic cells (DCs) resulting in the presentation of tumor antigens in the context of DC mediated costimulation. In clinical trials, immunologic responses have been observed, however responses may be muted by inhibitory pathways. The PD1/PDL1 pathway is an important element contributing to tumor mediated immune suppression. In this study, we demonstrate that myeloma cells and DC/tumor fusions strongly express PD-L1. Compared to a control population of normal volunteers, increased PD-1 expression was observed on T cells isolated from patients with myeloma. Interestingly, following autologous transplantation, T cell expression of PD-1 returned to levels seen in normal controls. We examined the effect of PD-1 blockade on T cell response to DC/tumor fusions exvivo. Presence of CT-011, an anti-PD1 antibody, promoted the vaccine induced T cell polarization towards an activated phenotype expressing Th1 as compared to Th2 cytokines. A concomitant decrease in regulatory T cells and enhanced killing in a cytotoxicity assay was observed. In summary, we demonstrate that PD-1 expression is increased in T cells of patients with active myeloma, and that CT-011 enhances activated T cell responses following DC/tumor fusion stimulation.
Introduction
PD-1 is a member of the B7 receptor family and is expressed by immune effector cells including T cells, B cells and NK cells [1] [2] [3] [4] . Ligation of this receptor results in T cell inactivation and apoptosis and plays a key role in modulating the delicate balance between tolerance and immune activation 5 . In animal models, the inappropriate upregulation of PD-1 expression by T cells has been shown to promote an exhausted phenotype facilitating the development of chronic viral infection [5] [6] [7] [8] [9] . In contrast, PD-1 blockade results in the restoration of functionally active T cells and clearance of infection 6 . The PD-1/PDL-1 pathway is also being evaluated as a central mechanism by which tumors escape host immunity 10, 11 . Tumor expression of PDL-1 has been demonstrated in several disease models and is thought to exert a significant role in promoting T cell tolerance by binding PD-1 on activated T cells and suppressing their capacity to secrete stimulatory cytokines 1, [12] [13] [14] [15] [16] . In addition, tumor expression of /PDL-1 has been shown to directly inhibit T cell mediated lysis by the inactivation of tumor reactive CTLs 1, 10 . The precise impact of hematological malignancies on this pathway including the T cell expression of PD-1 remains to be elucidated.
A major area of investigation in cancer therapy is the development of cellular immunotherapy that effectively targets malignant cells including those resistant to standard chemotherapy. The unique efficacy of this treatment approach for hematological malignancies is highlighted by the experience with allogeneic hematopoietic stem cell transplantation which is uniquely curative for a subset of patients due to the graft versus disease effect mediated by alloreactive lymphocytes 17, 18 . However, allogeneic transplantation is associated with significant morbidity and mortality secondary to the lack of specificity of the allo-reactive response which results in graft versus host disease (GVHD). Tumor cells express unique antigens that may be selectively targeted by host immunity [19] [20] [21] [22] . However, they evade recognition by the lack of effective antigen presentation and the inhibition of effector cells. Key elements in promoting the immunosuppressive milieu of malignancy include the upregulation of inhibitory pathways such as PDL-1/PD-1 and the recruitment of inhibitory cells including regulatory T cells 1, 10, [23] [24] [25] . In contrast, a promising strategy is the use of cancer vaccines to elicit tumor specific immune responses by the presentation of tumor antigens in the context of stimulatory signals.
We have developed a tumor vaccine in which the most potent antigen presenting cells, dendritic cells (DCs) are chemically fused with autologous multiple myeloma cells. DCs represent a complex network of cells characterized by the expression of costimulatory molecules necessary to initiate primary immune responses 26 . In animal models, vaccination with DC/tumor fusions results in the eradication of disease in tumor bearing animals [27] [28] [29] . In a phase I clinical study, vaccination with DC/myeloma fusions was well tolerated and resulted myeloma specific immune response and disease stabilization in a majority of patients, despite the presence of advanced disease 30 . To further augment vaccine efficacy, it is vital to overcome the inhibitory effects of tumor mediated immune suppression.
In this study, we quantified the presence of PDL-1 expression on myeloma cells and DC/ myeloma fusions and PD-1 expression on T cells isolated from patients with active disease. We examined the effect of PD-1 blockade on vaccine response using CT-011 (CureTech Ltd) a clinical grade humanized anti PD-1 antibody (Previously CT-AcTibody or BAT), which has been shown to promote the expansion of activated memory T cells and anti-tumor immunity. We have shown DC/myeloma fusions uniformly express PDL-1 providing an inhibitory signal that potentially blunts vaccine response. In addition, T cell expression of PD-1 is upregulated in patients with advanced multiple myeloma and further increased following vaccine induced stimulation. In contrast, PD-1 blockade reverses the vaccine mediated upregulation of PD-1 expression. We demonstrated that PD-1 blockade in conjunction with DC/tumor fusion cell stimulation results in a skewing toward a Th1 phenotype, decreased regulatory T cell expansion, and enhanced killing of autologous tumor.
Methods

Generation of DC, T cell and DC/myeloma fusion preparations
Peripheral blood was obtained from patients with multiple myeloma and normal volunteers in accordance with a protocol approved by the institutional review board. Peripheral blood mononuclear cells (PBMCs) were isolated by Ficoll density centrifugation. PBMCs were incubated in RPMI 1640 complete medium containing 2 mM L-glutamine (Mediatech, Herndon, VA) and supplemented with heat inactivated 10% human AB male serum (Sigma, St. Louis, MO), 100 U/ml penicillin and 100 μg/ml streptomycin (Mediatech) for 1 h at 37°C in a humidified 5% CO 2 incubator. The nonadherent fraction rich in T cells was removed. The monocyte enriched adherent fraction was cultured in complete medium containing GM-CSF (1000 U/ml) (Berlex, Wayne/Montville, NJ) and IL-4 (1000 U/ml) (R&D Systems (Minneapolis, MN)) for 5 days to generate immature DCs. The DC preparation underwent maturation by culturing the cells for an additional 48-72 h in the presence of TNFα (25 ηg/ml). The cell preparation underwent flow cytometric analysis to confirm the presence of DC associated costimulatory and maturation markers (CD86 and/or CD83) and absence of myeloma antigens (CD38 and/or CD138).
Myeloma cells were obtained from bone marrow aspirates collected from patients with multiple myeloma in accordance with a protocol approved by the institutional review board. Bone marrow mononuclear cells were cultured in RPMI 1640 culture media containing 2 mmol/l L-glutamine (Lonza, Walkersville, MD) and supplemented with heat-inactivated 10% human serum, 100 U/ml penicillin and 100 μg/ml streptomycin (Mediatech). Myeloma preparations were stained with mouse anti-human CD38, CD138, CD86 and CD83 directly conjugated to FITC (BD Biosciences, San Jose, CA) to document expression of tumor associated markers CD38 or CD138, and the absence of DC associated markers CD83 and CD86.
Plasma cells were mixed with DC preparations at ratios of 1:1 -1:3 (dependent on cell yields) and washed 3 times in serum-free RPMI 1640 culture media. After the final wash, the cell pellet was resuspended in 1 ml of 50% PEG solution. After 2 min at room temperature, the PEG solution was progressively diluted and cells were washed twice with serum free media. The DC-tumor fusions were cultured in RPMI complete media in the presence of GM-CSF, IL-4, and TNFα. Fusion cells were identified for subsequent analysis by FACS gating around the population of cells that co-express unique tumor and DC associated antigens as described below.
Characterization of PDL-1 expression on DCs, myeloma, and, DC/myeloma fusion cells by flow cytometric analysis DC preparations were incubated with mouse anti-human PDL-1 directly conjugated to PE (eBioscience, San Diego, CA) and a matching isotype control for 45 minutes at 4°C. Patient derived myeloma cells isolated from bone marrow aspirates were stained with mouse antihuman CD38 or CD138 directly conjugated to FITC (BD Biosciences, San Jose, CA), and mouse anti-human PDL-1 directly conjugated to PE for 45 minutes at 4°C. Cells were fixed in 2% paraformaldehyde (Sigma) and underwent flow cytometric analysis using FACScan (Becton Dickinson, San Jose, CA) and CellQuest Pro software © (Becton Dickinson).
DC/myeloma fusion cell preparations were subjected to dual staining to quantify the percentage of cells that co-expressed unique DC (CD86-PE-Cy5) (BD Biosciences, San Jose, CA) and tumor antigens (CD38 or CD138-FITC) (BD Biosciences, San Jose, CA). Dual staining fusion cells were isolated by FACS gating and stained with PE-conjugated mouse anti-human antibodies directed against PDL-1. The percentage of fusion cells expressing PDL-1 was determined by multichannel flow cytometric analysis.
PD-1 expression on T cells isolated from patients with multiple myeloma
Nonadherent peripheral blood mononuclear cells and bone marrow mononuclear cells were obtained from patients with myeloma at various stages of disease presentation including at time of presentation, relapse, and following therapy mediated cytoreduction. The myeloma cell preparation was incubated with mouse anti-human anti-CD4 or anti-CD8 directly conjugated to FITC, and mouse anti-human anti-PD1 directly conjugated to PE (eBioscience, San Diego, CA). Cells were washed, fixed in 2% paraformaldehyde (Sigma), and analyzed by multichannel flow cytometry.
Effect of non-antigenic and antigenic stimulation of T cells on expression of PD-1
T cells were activated for by exposure to the immobilized monoclonal antibodies, anti-CD3 (clone-UCHT1; Pharmingen) and anti-CD28 (clone-CD28.2; Pharmingen; CD3i/CD28i) for 1-4 days. Twenty-four-well non-tissue culture-treated plates (Falcon, Fisher) were coated with each of the antibodies (1 ug/ml in PBS) at 0.5 ml/well and left overnight at 4°C. The plates were washed in 1x PBS, and T cell preparations were added at a density of 2×10 6 cells/well. T cells were stimulated with anti-CD3/CD28 (48 hours). Alternatively, T cells were stimulated by the mitogen PHA (2 ug/ml) for 4 days, or DC/myeloma fusion cells at a ratio of 10:1 for 5 days. PD-1 expression on T cells before and after stimulation was assessed by flow cytometric analysis.
Effect of PD-1 blockade on T cell polarization and cytokine expression following stimulation by DC/myeloma fusions
DC/myeloma fusions were co-cultured for 5 days with autologous T cells at a 1:10 ratio in the presence or absence of 5ug/ml anti-PD1 (CT-011, CureTech Ltd., Israel). Co-cultures were then pulsed with GolgiStop (1 μg/ml; Pharmingen) for 4-6h at 37°C prior to analysis. Cells were harvested and cultured with murine anti-human FITC conjugated anti-CD4 or anti-CD8 (BD Biosciences). Cells were then permeabilized by incubation in Cytofix/ Cytoperm plus™ (containing formaldehyde and saponin) (Pharmingen) for 45 min at 4°C, washed twice in Perm/Wash™ solution (Pharmingen), and incubated with PE-conjugated IFNγ (Caltag Laboratories), IL-10 (Caltag Laboratories), or a matched isotype control antibody for 45 min. Cells were washed in 1x Perm/Wash™ solution and fixed in 2% paraformaldehyde (Sigma). Labeled cells were analyzed by flow cytometry using FACScan (Becton Dickinson, San Jose, CA) and CellQuest Program.
Effect of PD-1 blockade on vaccine mediated expansion of regulatory and activated T cells
Autologous T cell preparations were co-cultured with DC/myeloma fusions for 5 days at a 10:1 ratio in the presence and absence of 5ug/ml anti-PD-1 (CT-011, CureTech Ltd., Israel). The cell preparations were incubated with FITC conjugated anti-CD4, tricolor conjugated anti-CD25 (Caltag Laboratories), and PE-conjugated anti-CD69 (BD Biosciences). Alternatively, cells were permeabilized and cultured with PE conjugated antibody directed against FoxP3 (eBioscience). Cells were subsequently analyzed by multichannel flow cytometry.
Effect of PD-1 blockade on CTL response following stimulation with DC/myeloma fusions
DC/myeloma fusions were cocultured with autologous T cells at a ratio of 1:10 for 5 days in the presence and absence of 5ug/ml anti-PD1 (CT-011, CureTech Ltd, Israel). Cell mediated cellular cytotoxicity was evaluated using the GranToxiLux cell-based fluorogenic cytotoxicity assay (OncoImmunin, Inc., Gaithersburg MD). Autologous tumor cells were used as target cells. Target cells were incubated in PE labeled Medium T (1μL of reconstituted TFL2 in PBS at 1:3000 ratio) at 2×10 6 cells/ml for 45 minutes at 37°C. Labeled cells were washed twice in PBS. T cells stimulated by fusions alone or in the presence of PD-1 blockade were co-incubated with labeled target cells in the presence of a fluorogenic granzyme B substrate for 1-2 hours at 37°C. Cells were washed and analyzed by flow cytometry. Dead target cells are identified by cells that dually stain for granzyme B and PE label (right upper quadrant). As a control, killing of targets by unstimulated T cells was assessed.
Statistical analysis
Results are expressed as mean ± SEM. 2 tailed students t test was used for comparisons, and values of p<0.05 were considered as significant
Results
Expression of PDL-1 on plasma cells, DCs, and DC/tumor fusion cells
Expression of PDL-1 on antigen presenting cells plays an important role in blunting activated T cell responses. To assess the role that the PD-1/PDL-1 pathway may play in limiting activated immune responses to the DC/tumor vaccine, we evaluated expression of PDL-1 on ex-vivo generated DCs, myeloma cells, and DC/tumor fusions. DCs were generated by culture of adherent PBMCs for 1 week with GM-CSF and IL-4 to generate immature DCs, followed by maturation in the presence of TNFα for 48 hours. Ex-vivo generated dendritic cells were shown to strongly express the costimulatory molecules CD80 and CD86 and to lack expression of myeloma associated antigens CD38 and CD138. Tumor cells were obtained from bone marrow aspirates of patients with multiple myeloma. Patient derived plasma cells were shown to express CD38 and CD138, and lacked expression of CD86. Tumor cells were fused with DCs by coculture in 50% solution of polyethylene glycol. Mean expression of PDL-1 was 97% on DCs generated from normal volunteers (n=5, Figure 1 ), 94% on DCs generated from patients with multiple myeloma (n=4), and 45% on patient derived myeloma cells (n=6, Figure 1 ). In addition, mean expression of PDL-1 was 90% on DC/myeloma fusions (n=2, Figure 2 ). In the physiologic setting, PDL-1 expression on antigen presenting cells plays a role in limiting the expansion of auto-reactive T cell populations and preventing auto-immunity. Expression of PDL-1 on DC/myeloma fusion cells may provide an inhibitory signal that blunts activated T cell responses to fusion mediated stimulation.
Expression of PD-1 on T cells isolated from patients with multiple myeloma
In infectious disease models, upregulation of T cell expression of PD-1 is associated with an exhausted phenotype facilitating the development of chronic viral infection. We evaluated expression of PD-1 on T cells derived from patients with myeloma with active disease or after cytoreduction following autologous stem cell transplantation. Nonadherent PBMCs obtained from patients with multiple myeloma and normal volunteers were cultured in RPMI supplemented with 10U/ml IL-2, and expression of PD-1 on CD4+ T cells was assessed by flow cytometric analysis. We demonstrate that PD-1 expression is markedly upregulated in patients with advanced multiple myeloma. Compared to a control population of normal volunteers where PD-1 expression on CD4+ T cells was 6% (n=10), a significant increase in PD1 expression was observed on CD4+ T cells isolated from patients with advanced myeloma 20% (n=10, p=<0.05), Figure 3A, 3B) . Interestingly, PD-1 expression on CD4+ T cells isolated from patients who obtained a complete or very good partial response to transplant returned to levels observed in normal volunteers (mean expression of PD-1 on CD4+ T cells 6%, n=5, Figure 3C ). Similarly, increased PD-1 expression was observed on CD8+ T cells isolated from patients with advanced myeloma (5%, n=10) compared to normal controls (1.4%, n=10, p<0.05). These findings suggest that upregulation of PD-1 expression may play a central role in tumor mediated immune suppression.
Effect of antigen specific and nonspecific stimulation on T cell expression of PD-1
We subsequently assessed the effect of both non-antigenic and antigen mediated stimulation of T cells on PD-1 expression. Following nonspecific T cell activation by exposure to anti-CD3/CD28, mean PD-1 expression on CD4+ T cells increased from 5.1% to 14% (n=6, p<0.05, Figure 4) . Similarly, mean PD-1 expression on CD4+ T cells increased from 6% to 23% following stimulation with PHA (n=5, p<0.05, Figure 4) . These results suggest that antigen independent stimulation of T cells results in an upregulation of PD-1 expression.
We evaluated whether stimulation with DC/tumor fusion cells also results in increased PD-1 expression. While co-culture of tumor cells and T cells did not result increased PD-1 expression on CD4+ T cells (mean 6% and 8.7% expression pre and post co-culture respectively, n=4, p=NS), following stimulation with DC/myeloma fusions for 5 days, PD-1 expression on CD4+ T cells increased from 8% to 13% (n=3, p=0.05). In contrast, stimulation with DC/myeloma fusions in conjunction with PD-1 blockade was not associated with upregulation of PD-1 expression (mean CD4+ T cell expression of PD1 9%, n=2). To confirm that the decrease in PD-1 expression observed in fusion stimulated T cells in the presence of CT-011 was not due to a technical artifact of CT-011 blocking the ability to detect PD1 expression, we evaluated the expression of PD1 on unstimulated T cells in the presence and absence of CT-011. Nonadherent cells were isolated by ficoll density centrifugation and cultured in the presence or absence of CT-011 for 2 hours. Mean expression of PD-1 on CD4+ T cells cultured with and without CT-011 was 12.3% and 11.7% respectively (n=4), confirming that the presence of CT-011 does not interfere with flow cytometric detection of PD1 expression.
Effect of PD-1 blockade on T cell polarization following DC/myeloma fusion stimulation
We have previously demonstrated that T cell stimulation with DC/myeloma fusion cells results in the concomitant expansion of activated and regulatory T cells. However, fusion mediated stimulation in conjunction with PD-1 blockade resulted in the suppression of regulatory T cell expansion. The percentage of CD4+/CD25+/FOXP3 T cells following stimulation of T cells with DC/myeloma fusions alone or with CT-011 was 12% and 5%, respectively (n=5, p<0.05, Figure 5 ).
We further examined the effect of PD-1 blockade on fusion mediated stimulation of activated versus inhibitory T cell populations by quantifying the percentage of cells that expressed interferon gamma (IFNγ) as compared to IL-10. IFNγ secretion by CD4+ T cells in response to stimulation by DC/myeloma fusion cells increased 3 fold in the presence of PD-1 blockade (n=5, p<0.05, figure 6 ). In addition, a 2.2 fold decrease in IL-10 secretion by CD4+ cells following DC/myeloma fusion stimulation was noted in the presence of PD-1 blockade (n=5, p<0.05, figure 6C ). These findings demonstrate that PD-1 blockade enhances vaccine efficacy by biasing toward Th1 cytokines, and limiting the expansion of suppressive T cell populations.
Effect of PD-1 blockade on CTL response following stimulation with DC/myeloma fusions
DC/myeloma fusion cells potently stimulate the expansion of myeloma specific CTLs with the capacity to lyse autologous tumor targets. We demonstrated that CTL activity was further increased in the presence of PD-1 blockade at the time of vaccine mediated T cell activation and coculture of activated effector cells and myeloma targets. Mean CTL lysis was 25% and 29% for T cells stimulated with DC/myeloma cells alone, and in the presence of PD-1 blockade respectively (n=6, p<0.05, Figure 7 ).
Discussion
The PDL-1/PD-1 pathway plays a key role in modulating the crucial balance between immune activation and tolerance 5 . Upregulation of this pathway has been demonstrated in the setting of chronic infection and the immunosuppressive milieu that characterizes patients with malignancy. Increased signaling is associated with an "exhausted" T cell phenotype incapable of mounting an appropriate response to foreign antigen. The precise role of this pathway in blunting anti-tumor immunity has not been well defined in the setting of hematological malignancies.
In the present study, we have demonstrated high levels of PDL-1 expression on myeloma cells, suggesting that this pathway may be exploited in the setting of multiple myeloma to promote immune tolerance and facilitate disease growth. PDL-1 expression by malignant cells has been observed in several solid tumor models including renal, stomach, breast, and lung carcinoma 13, 15, 31, 32 . PDL-1 expression has been shown to disrupt T cell activation and CTL mediated lysis of tumor targets in this setting. PDL-1 expression on antigen presenting cells, including dendritic cell populations, may limit the development of auto-immunity in the physiologic setting. In this study, we demonstrate that DC/myeloma fusion cells strongly express PDL-1, which may play a role in blunting activated immune responses to vaccination. We have observed that while DC/tumor fusion mediated stimulation of T cells in vitro results in an activated T cell response, there is a concomitant rise in regulatory T cells, which may limit vaccine efficacy 33 . In clinical studies, we have demonstrated that regulatory T cells persist in the post-vaccination period. Expression of PDL-1 by the fusion vaccine provides a negative signal to the costimulatory complex, likely blunting T cell activation and potentially contributing to the concomitant expansion of regulatory T cells observed following vaccine mediated stimulation. In this study, we evaluate PDL-1 expression on patient derived tumor cells, ex-vivo generated dendritic cells, and DC/tumor fusion cell populations. TNFα matured DCs were used for fusion generation, as we and have shown potent immunologic responses in this setting in clinical trials.
We evaluated the expression of PD-1 on circulating T cell populations isolated from patients with advanced multiple myeloma. We have demonstrated that expression of PD-1 is markedly increased in patients with active myeloma as compared to normal volunteers. In a melanoma model, it was recently shown that PD-1 expression on tumor infiltrating lymphocytes (TIL) is significantly higher than on a T cells isolated from the peripheral blood or normal tissue of the same individuals 34 . PD-1+ TIL were shown to have impaired effector function, suggesting that PD-1 expression on T cells limits their capacity to mount an effective anti-tumor immune response. In addition, in a recent publication, Benson et al demonstrate that NK cells isolated from patients with multiple myeloma express higher levels of PD1 compared to NK cells derived from normal controls 35 .
Of note, we demonstrate that while PD-1 is highly expressed on T cells isolated from patients with advanced myeloma, PD-1 expression is decreased on T cells isolated from patients in a minimal disease setting following autologous transplantation. PD-1 is upregulated as a negative feeback signal in response to chronic stimulation. One can hypothesize that the low levels of PD1 expressed on CD4+ T cells following autologous transplantation suggest that chemotherapy induced cytoreduction may alter the immunosuppressive milieu of patients with myeloma by reducing the effect of inhibitory pathways. In patients with active disease, chronic antigenic stimulation may result in increased expression of PD-1, contributing to tumor induced immunosuppression. In keeping with this, previous studies have demonstrated that levels of regulatory T cells are increased in the setting of malignancy and correlate with disease burden 24 .
The critical role that PD-1 plays in muting activated T cell responses is illustrated by the autoimmune phenotypes that develop in PD-1 knockout mice, including diabetes, glomerulonephritis, arthritis, and cardiomyopathy [36] [37] [38] [39] . We demonstrated that PD-1 expression is increased following nonspecific activation of T cells. This likely represents a homeostatic mechanism to prevent T cell hyperstimulation and corresponding immune mediated damage. Physiologically, the PD-1/PDL-1 pathway plays an important role in preventing the development of auto-immunity. Similarly, it has been shown that PD-1 expression is upregulated on T cells in the face of chronic viral infection, preventing the clearance of virally infected cells. While upregulation of PD-1 is not unique to the setting of tumor mediated stimulation, we demonstrate that PD1 is upregulated on patients with advanced hematologic malignancies, suggesting that this pathway does play a role in mediated tumor induced immune suppression. Similarly, we demonstrated an increase in T cell PD-1 expression following stimulation with DC/myeloma fusion cells, suggesting that upregulation of this pathway may prevent sustained response to vaccination.
We demonstrated that PD-1 blockade prevented the vaccine mediated increase in T cell expression of PD-1. Presence of CT-011 promoted the vaccine induced polarization of T cells towards an activated phenotype expressing Th1 as compared to Th2 cytokines. An increase in IFNγ as compared to IL-10 expression was noted. A concomitant decrease in regulatory T cells was observed. Similar findings have been noted with the use of cytokine adjuvants such as IL-12, toll like receptor agonists and CPG oligonucleotides which have been shown to promote Th1 responses to tumor vaccination 33, [40] [41] [42] . Regulatory T cell depletion has been shown to increase vaccine efficacy in both pre-clinical models and clinical trials [43] [44] [45] [46] [47] [48] . In keeping with these findings, PD-1 blockade was associated with increased CTL mediated killing of myeloma targets. These results are complementary to Benson's recent findings that PD-1 blockade enhances NK cell mediated killing of myeloma cells 35 .
The clinical relevance of PD-1 blockade in augmenting vaccine response remains to be studied. Initial clinical studies of PD-1 blockade as an immunomodulatory therapy alone have been pursued in various malignancies 49, 50 . Several different antibodies are currently being studied in the clinic as single agents or in combination with standard of care therapy. Efficacy of this treatment approach is based on the premise that expansion of native antitumor immunity would result in disease regression. In a phase I study of patients with hematological malignancies including multiple myeloma, single agent CT-011 therapy was well tolerated and associated with clinical benefit in 33% of patients 49 . The combination of PD-1 blockade with active vaccination strategies is a logical extension of this strategy. We are currently initiating a protocol in which patients with multiple myeloma will undergo serial infusions of CT-011 in conjunction with vaccination with DC/myeloma fusions following autologous transplantation. In this clinical trial, patients will receive 3 doses of DC/MM fusion cells, in conjunction with a dose of CT-011 administered one week after each vaccine. In providing an essential stimulatory signal for the expansion of memory effector cells and reversing a key element of tumor mediated immune suppression, we hypothesize that therapy with CT-011 in conjunction with the DC/MM fusion vaccine will expand tumor specific T cells, and importantly, will result in the expansion of memory T cell populations which are critical for durable immunity.
A potential concern with PD-1 blockade is the development of autoimmunity by suppression of this key regulatory pathway. Of note, antibodies directed against CTLA-4 have been associated with inflammatory colitis and other manifestations of autoimmunity in a subset of patients 51 . In fact, disease response correlates with the autoimmune complications of therapy. Whether PD-1 blockade will effectively facilitate the expansion of activated T cells and induce clinically meaningful anti-tumor immunity without autoimmunity remains to be seen. C. Expression of PD-1 was assessed on CD4+ and CD8+ T cell populations isolated from normal controls, patients with active myeloma, and myeloma patients who were cytoreduced following autologous transplant. Nonadherent peripheral blood mononuclear cells were incubated with FITC conjugated anti-CD4 or anti-CD8 and PE conjugated anti-PD1 and assessed by FACS analysis as described above. Mean values with associated standard errors of the mean are shown. 
